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Abstract

' The sensitivity of flap interaction noise to variations in engine-

under-the~wing externally blowm flap geometry was investigated with a
large cold-flow model. Both 2- and 3-flap wing sections (7-ft chord) with
trailing flap angles up to 60° were employed. Exhaust nozzles included
coaxial, plug, and 8- and 13-inch diameter conical conflouratlons. These
nozzles were tested at two positioms below the winhg (191 and 29% in.).
The effects of thnese geometry variations on noise level, directivity, and
spectral shape are summarized in terms of exnaust flow parameters evalu—-
ated at the nozzle exit and at the flap impingement station. The results
are also compared with limited flap noise data available from tests using
real engines. '

Introduction

Tne use of externally blown flaps (EBF) to achieve powered lift for
short haul aircraft applications is currently under consideration. Both
engine-under-the-wing and engine~over-the-wing configurations are being
examined. Unfortunately a considerable amount of noise is produced as
the engine exhaust flows over either the upper or lower surfaces of the
w1ng flap system. (1-10)

This paper will examine the sensitivity of the flap noise produced
by a cold-flow model of the engine under-the-wing EBF system to changes
in configuration geometry. Configuration variations were achieved by
making simple alterations to the basic EBF model of reference 3. Param-
eters varied were nozzle type and size, number of flaps, nozzle location
below the wing, flap deflection angles, and wing sweepback angle. Nozzle
types tested included a coaxial, an annular nozzle with a conical center-
body (plug nozzle), and 8~ and 13-inch-diameter conical nozzles. Both

2- and 3-flap EBF conflguratlons were tested at trailling flap angles up
to 60°.

The flap noise data obtained in these tests will be summarized in
terms of the effect of configuration changes on noise radiation patterns,
spectral shape, and sound pressure level. The flap noise data are com-
pared using two different sets of exhaust flow parameters. One set of
parameters was measured at the nozzle exit plane and the other set was
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measured at the flap impingement station. The results are also compared
with limited flap noise data available from tests using real engines.

Symbols
A area of exhaust jet normal to nozzle centerline, ft2
AC area of core nozzle exit, ft2

2
area of annular fan nozzle exit, ft

impingement area based on di’ ft2

. . 2
area of conical nozzle exit, ft

2

B S

nozzle exit total area (AC + AF for coaxial nozzle), ft

(9]

o  ambient speed of sound, ft/sec

=4

nozzle exit diameter, ft
DC core nozzle exit diameter, ft
Dy  equivalent diameter of nozzle based on total exit area A, ft

di diameter of radial impingement velocity profile where velocity has
dropped to 80 percent of peak value, ft

Af  band-width of 1/3-octave filter, Hz

I. turbulent intensity; from turbulent intemsity profile measured at
X without presence of wing, dimensionless

MC Mach number of nozzle core exhaust, dimensionless

MN Mach number of conical nozzle exhaust, dimensionless

R microphone c¢ircle radius, ft
P RMS acoustic pressure, microbars
v exhaust velocity, ft/sec

VC core nozzle exhaust velocity, ft/sec
B effective nozzle exhaust velocity, ft/sec
F fan (annulus) nozzle exhaust velocity, ft/sec

\A impingement velocity; from velocity profile measured at X without
presence of wing, ft/sec
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Vi D peak impingement velocity, ft/sec
3
Vi . conical nozzle exhaust velocity, ft/sec
X impingement distance; distance aldng nozzle centerline from exhaust

plane -to point of intersection with flap assembly, ft

Y . distance from-nozzle éenterline axis to wing chordline, .in.
8 ~ microphone radial angle measured from nozzle inlet direction, deg
P . ambient density, Slugs/ft3

Apparatus and Procedure

Mpdel Configurations

Baseline models. The baseline EBF configurations are shown in Fig-
ures 1 to 3. The 2-flap configurations shown in Figure 1 are identical
to those previously described in Reference 3. The geometry of the three-
flap versions of the basic EBF model is shown in Figures 2 and 3. The
configuratlons shown in Figure 2 have the same 13-inch-diameter conical
nozzle {(circular convergent) as Figure l(b) and the conflguratlons of Flg—
ure 3 have the same coaxial nozzle as Figure 1(a). The core nozzle of the
coaxial assembly was circular.with an 8.15-inch diameter and the annular
nozzle {(fan exhaust) had an inner diameter of 18 inches and an outer diam—.
eter of 23.25 inches. The annulus height was 2.63 inches. The baseline
exhaust nozzles of Figures 1 to 3 were all located so that the nozzle
centerline was 1%2.25 inches below the wing chordline. The conical nozzle
(Figs. 1(b) and 2) was positioned so that the exhaust plane was 15 inches
ahead of the wing leading edge. The coaxial nozzle was positioned with
the annular exit 15 inches ahead and the core exhaust plane 7 inches down-
stream of the wing leading edge (Figs. 1(a) and 3). The wing section of
the basic model had a nominal chord length of 82 inches (with the flaps ‘
retracted}. :

The EBF model was mounted with the 9-foot-span wing section in a .
vertical position with the axis of the nozzle located 12.75 feet above
grade. The nozzle centerline (axis) was located.at a spanwise position
5 feet from the bottom of the wing section and 4 feet from the top to
minimize support structure interference with spanwise flow on the flaps.
Photographs of the baseline 3-flap model are shown in figure 4. -Fig-
ure 4(a) shows the model in the configuration of Figure 2(b) and Fig—
ure 4(b) shows the model of Flgure 3(b). .The baseline wing model was
unswept. : :

Variations. Several models having simple variations to the baseline
geometries of Figures 1 to 3 were tested. These configurations are in-~
cluded in Table l-along with key geometric variables.
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The simplest variation tested was the 3-flap model (Figs. 2 and 3)
with the nozzle centerline axis to wing chordline distance (Y) increased
by 10 inches. This placed the nozzle centerline 29.25 inches below the
wing chordline. The models were designed so that although the nozzle
centerline intersected the flap assembly at a lower point, the impinge-
ment distance (X of Figs. 2 and 3) did not change for the 60° trailing
flap configurations. The impingement distance did change for the 20°
trailing flap models. Values of X and Y are given for each configu-
ration in Table 1 along with flap angle settings.

By simple conversions of the coaxial nozzle assembly, the 2-flap
configuration of Figure 1(a) was tested with an 8.l5-inch-diameter coniecal
nozzle and with a plug nozzle. The annulus was blocked off by an internal
bell mouth assembly to convert the coaxial nozzle to an 8.l15-inch-diameter
conical nozzle. The plug nozzle was cbtained by blocking the core nozzle
of the coaxial assembly with a 12.75 inch long 33° cone (blunt tip). The
cone acted as a centerbody for the annular flow from the 23.25-inch-
diameter annulus.

The effect of wing sweep-back on the flap noise was determined by
running one test with baseline configuration 1(b) with the wing section at
a 16° sweep angle instead of in the usual unswept position. A photograph
of the swept wing model is shown in Figure 3. In order to maintain
X = 72 inches, the 13-inch conical nozzle was mounted approximately
13 inches ahead of the wing leading edge at the nozzle axis; otherwise
the geometry was the same as in Figure 1(b).

Air Flow System

The exhaust nozzles were supplied with ambient dry air from the
Center's propulsion air supply system (150 psig max.) brought to the test
site by a 24-inch diameter underground line. An orifice flowmeter was
located in a straight section of the underground line upstream of a
16-inch gate shutoff valve at the test site. The EBF test rig flow sys-
tem shown in Figure 6 was connected to the gate valve. The test rig had
two flow distribution and quieting screens located between the last elbow
of the flow system and the nozzle assemblies.

The operating pressure ratio (nozzle total pressure divided by the
ambient atmospheric pressure) for the coaxial nozzle core and the 13-inch
convergent nozzle was set by the flow control valve and supply pressure.
A pressure drop screen in the annulus of the coaxial nozzle assembly de-
termined the corresponding pressure ratio for the simulated fan exhaust.
The screen provided a nominal ratio of fan exhaust velocity to core ex-
haust velocity of 0.78. This ratio varied from about 0.65 at a core PR
of 1.1 to 0,83 at a PR of 1.8.

Nozzle total pressures and temperatures were measured at the nozzle
inlets (downstream of the screen in the case of the annular nozzle). The

nozzle exhaust velocities were determined from the fully expanded isen-
tropic equations.



Internal Noise Suppression

The muffler system (Fig. 6) consisted of overlapping low, middle, and
high frequency attenuators. Low frequency quieting was obtained by the
use of perforated plates as pressure drop devices just downstream of the
flow control valve (the principal noise source) and at the exit of the
middle frequency muffler. These plates have a low admittance to low fre-
quency noise and also serve as flow redistributors.

The middle frequency muffler consisted of a 3~foot diameter 6-foot
long pipe with crossed splitter plates to divide the flow into four chan-
nels. All inside surfaces were lined with 1-inch thick hair felt held ‘in
place by expanded metal (70 percent open). The perforated plate at the
end of this section had 1/8-inch diameter holes and was 20 percent open. -

The high frequency muffler section was located at the downstream end
of the upper (and last) elbow of the flow system to take advantage of
multiple reflections associated with the flow turn. A crossed splitter
- plate divided the flow into four channels. All inside pipe walls and
both sides of the horizontal splitter plate were lined with one-inch
thick plastic felt material held in place by expanded metal (70 percent
open). The first of the final two flow distribution and qu1et1ng screens
was located immediately downstream of this muffler.

Finally, to prevent direct radiation of internal noise transmitted
through the pipe walls the flow system was wrapped with a 2-inch thick
layer of fiberglass covered by leaded-vinyl plastic sheet material.

Acoustic Instrumentation and Analysis

The noise data were measured with twenty 1/ 2—inch condenser microphones
located 12.75 feet above a hard surface (black top). The microphones
were placed on a 50-foot radius circle in a horizontal plane perpendicular
to the vertically mounted wing. The center of the microphone circle was
located on the nozzle—axis centerline halfway between the core mnozzle
exhaust exit plane and the point of 1ntersect10n with the 60° flap

(Flg- 1(a))

The noise data were analyzed on-line with an automated 1l/3-octave
band -spectrum analyzer. The analyzer determined sound pressure level
spectra (referenced to 0.0002 microbar) between 50 and 20 000 Hz at each
microphone position. A 4-second integration time was used. Three noise
samples were taken at each microphone and treated statistically to re-
ject background disturbances and random errors-and to obtain either an
average or a most probable value. The data were then corrected for at-
mospheric attenuation to give lossless data at 50 feet. From these sound
pressure level spectra the overall sound pressure levels were calculated
at each microphone locationm.

The combination of microphone height and distance from the model was
selected (after a trial run in which they were varied) to give acceptable
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cancellation and reinforcement amplitudes caused by ground reflections.
The data of this report generally do not include ground reflection correc-
tions except when making spectral comparisons. 1In these cases, ground re-
flection corrections to the SPL at each frequency were made by the method
of Reference 11 which is an extension of the methods of References 12

and 13.

Test Procedure

For each model configuration tested noise measurements were made for
a series of nominal nozzle pressure ratios. These were 1.1, 1.2, 1.3,
1.4, 1.5, 1.7, and 1.8. The nozzle stagnation temperature varied between
55° and 85° F for the test series.

The exhaust velocities for each nominal pressure ratio setting were
calculated from the measured values of nozzle pressure ratio and stagna-
tion temperature. These velocities were used in the analysis of the
acoustic data,

The exhaust plume of both the 13-inch conical nozzle and the coaxial
nozzle was also surveyed with a total pressure rake in order to obtain
radial velocity profiles at various axial locatioms along the nozzle
centerline.

Basis for Comparison of Data

Correlation with Impingement Velocity

In order to obtain a basis for comparison of the data from the
variety of configurations and test conditions employed, it 1s necessary
to make some simplified generalizations about the sources of the flap
noise. Blown flap interaction noise typically has a radiation pattern
having two rather flat peaks located between 50° and 80° to each side of
the flap exhaust direction (defined approximately by the trailing flap
chordline). It will be assumed that this noise results from two princi-
pal components. One is an intense quadrupole noise emanating from the
nozzle exhaust shear layer and from the exhaust fluid flowing adjacent
to the flaps.(14-16) This turbulent mixing noise is intensified by the
presence of solid surfaces in the exhaust flow. This quadrupole source
has a directivity which peaks at an angle of about 20° to 30° with re-
spect to the flap exhaust direction (similar to the data of Ref. 16).
The other noise source is a strong dipole noise originating at the flap
surfaces. (17-20) This source has a radiation pattern which peaks at
approximately a 90° angle with respect to the flap chordline directiom.
The overall sound pressure level will therefore show an exhaust velocity
dependence between v8 (quadrupole) and v6 (dipole) depending on the
microphone angle.

The dipole noise is dominant in the forward quadrant (8§ = 0° to
8 = 90°) below the wing of a blown flap system, and because of its high
intensity, usually provides the peak flyover noise. Therefore, the data
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of this report will be examined and compared principally at microphone
angles for which the dipole noise is dominant. In this region it is-
assumed that the RMS acoustic pressure, p, at a giveh microphone angle,
¥, can be represented by

© 2 0 ] 2 6
‘ ~A

where R is the mlcrophone distance, py is the amblent den51ty, Cy is
the ambient speed of sound, and the integral is based on the radial pro-
files of the jet implngement veloc1ty, Vi, and the turbulent intensity,
Ii, at the flap station, X. e

For EBF systems having similar radial turbulent intensity profiles
and having symmetrical single-peaked impingement velocity profiles at the
flap impingement station, X, the integral of equation (1) can be approxi-
mated for scaling purposes by the technique used in Reference 16 to give

the simplified relation
o 2 . : _ o .
2 0 6 ' o
P (300)_ AV 0 @

where Ay (n/#)d and- Vi " is the peak 1mp1ngement velocity obtained
from the nozzle exhaust veloc1ty profile at the flap station. The char-.
acteristic impingement diameter, d;, is arbitrarily taken for scaling pur-
poses as the width of the profile where the velocity is 80 percent of the
peak impingement velocity. Both Vi, and di{ are obtained from nozzle
exhaust velocity radial profiles measuréd Without the presence of the wing
and flap system. The velocity profiles were calculated (assumlng fully
expanded ‘isentropic flow) from the total pressure rake data.

The conical nozzle exhaust velocity decay data was found to be cor-
related within 1 percent by an expression of the form given in Refer-

ence 21, That is,
' ~1/4
v, 4 :
;:E =1 + (Do.la X ) (3)

N VITE,

where X is the distance measured along the nozzle centerline from the
exit plane to the point of intersection with the flap assembly (Figs. 1
to 3), D dis the nozzle diameter, and My 1is the nozzle exhaust Mach
number. Equation (3) assumes an effective nozzle coefficient of 1.0, and
the constant 0.14 was obtained from a fit of the rake data obtained in
this investigation. Reference 21 gave a value of 0.15 for the constant
based on small nozzle rake data.
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The coaxial nozzle exhaust velocity decay data was found to be cor-
related by the expression (see Ref. 22 for a similar form)

i
4 1/4

1,0 _ ¢; 4 0.16.X “)

v Vo\0-875
D NT + 1 (1 +-z

where D¢ 1is the core diameter, Mg 1s the core exhaust Mach number, Vg
is the core exhaust veloecity, and Vg is the fan (annulus) exhaust ve-
locity. The exponent 0.875 for the term (1 + Vp/Vp)™ was obtained from
a recent unpublished NASA study, and the constant 0.14 is based on the
rake data of this investigation.

Equations (3} and (4) were used to calculate Vj for the compari-
sons of this paper. Values of dj were obtained directly from the
measured velocity profiles. For special cases where either Equation (3)
or (4) does not apply, normalized data from small-scale-model rake meas—
urements taken at the Lewis Research Center were used.

Correlation with Nozzle Exhaust Velocity

In many instances, detailed exhaust velocity profile data or complete
correlations for Vj,p, and di are not available for making comparisons
or predictions of flap noise. In these cases it is necessary to compare
data and/or make predictions using nozzle exhaust velocity and area as
parameters. However, such an approach is applicable only for nozzles
with low velocity decay (nonmixer type) or for nozzles with similar decay
characteristics. For these cases, data can be compared by using an effec-
tive nozzle exhaust velocity, Vi, and total exhaust nozzle exit area, Ar.
The effective exhaust veloclty is obtained by evaluating the velocity pro-
file integral of equatiom (1) at the nozzle exhaust exit planes (instead
of at the flap station). That is,

6 _ 6 6 6
Vo dA = AVe = AV + ALVp (5)
A
where
AT = AC + AF (&)
and
A V6 + AFV /6
T W (N
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For single conical (round convergent) nozzles, V_ = where V. 'is
the nozzle exhaust velocity and At simply becomes, EN: tgé nozzle exit
area., Equation (7) was used in the simplified flap noise prediction
method of reference 23. The use of equation (7) assumes that the velocity
decay and spreading characteristics of the EBF systems which are being
comparad are comparable and that the differences that do exist will have
only a secondary effect on the flap noise. This approach amounts to the
approximation that

6 | .
ApVy Ay | ‘ (8)

or in terms of RMS acoustic pressure at angle, &

‘ 2 S
2 (° 6
p- - (R%o) Ay . ¢

" 'Normalization to Standard Day Source

The RMS acoustic pressure is dependent on the ambient density and
ambient speed of sound (Eq. (2) and (9)). These quantities in turn are
dependent on the ambient temperature and pressure at the time of the
sound measurements. . The data of this report were therefore normalized
to Standard Day noise source conditions. It should be pointed out that
the Standard Day normalization procedure did not involve the customary
atmospheric attenuation corrections inasmuch as all sound data herein
were previously corrected for losses due to atmospheric absorption and
are therefore lossless. In terms of OASPL the data were converted to
Standard Day conditions by .the following relation

: o /1. \3/p 2
OASPLg,. = OASPL, + 10 log(T 0 )(—?TD)
STD o/

_ o
TSTD = 519" R

where

Pgpp = 29-92 in. of Hg

and Ty and Py are the ambient temperature and pressure on the day of
the test.

Although the Standard Day correction was usually less than +0.6 dB
and-did not exceed 1.0 dB in extreme cases, it was found that this cor-
rection did reduce data scatter which in turn allowed other weak effects
to be observed.



10

Results and Discussion

The results of the acoustic tests of the externaily blown flap models
listed in Table 1 will be discussed in terms of the effect of configura-
tion variation on flap noise radlation patterns (directivity), spectral
shape, and sound pressure level.

Effect on Noise Radiation Patterns

Flap noise radiation patterns at a 50-foot radius are shown in polar
form in Figure 7 for selected configurations having a trailing flap angle
of 60°. Figure 7(a) shows normalized overall sound pressure level (OASPL-
10 log Ap) as a function of microphone angle, for three 13-inch-conical
nozzle configurations (#6, #9, and #10 of Table 1) and the plug-nozzle
configuration (#12). The nozzle exhaust velocity was 765 ft/sec for the
four cases. The nozzle exit area, Ay, was normalized to 1 £t2. The four
radiation patterns are similar with only minor differences in directivity
evident. Configurations #6 and #10 both have the QASPL radial peak lo-
cated in the forward quadrant below the wing at 6 = 40°. This is not
surprising as the models were designed to expose the two lower flaps of
the 3-flap wing (config. #10) to the same exhaust flow profile as the
baseline two-flap wing (config. #6). The baseline three-flap configura-
tion (#9) is a little louder and peaks at 55°. The plug-nozzle configu-
ration also has a radial peak at 55° at this velocity (at lower velocity
the peak occurs at 40°). The microphonme angle, §, producing a flyover
maximum is 70° for all four cases.

Radiation patterns for three coaxial nozzle configurations having a
60° trailing flap angle (#1, #4, and #5 of Table 1) are shown in Fig-
ure 7(b). The effective exhaust velocity was 655 ft/sec. The baseline
2-flap configuration (#1) and the 3-flap configuration with Y = 29.25 in.
(#5) both have peak radial values of OASPL at 40°. Again this was not
unexpected because, like 13 in.-conical-nozzle configurations #6 and #10,
these coaxial models were designed so that the lower two flaps of the
3-flap model (#5) would have the same impingement velocity distribution
over their surfaces as the baseline 2-flap model (#1). The baseline
three-flap model (#4) has a radial peak at 55°. All three configurations
bad a flyover maximum at 6 = 70°,

In summary, the data in Figure 7 show that configuration variations
such as nozzle type or the number of flaps had only a minor effect on the
radiation pattern. The radiation pattern was actuwally somewhat more sen-
sitive to nozzle exhaust velocity. For velocities above 900 ft/sec, the
polar peak occurred at about 70° and rotated to 40° for the baseline
2-flap model and to 55° for the baseline 3-flap models as the exhaust
velocity was lowered to levels below 800 fi/sec. This effect occurs be-
cause as the velocity is lowered, the dipole noise becomes increasingly

more dominant in this region (in comparison with the quadrupole mixing
noisel.
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Effect on Spectral Shape

In general, except for changes in trailing flap angle, the effects
of configuration changes on the measured 1/3-octavé SPL spectra at a -
given microphone location were small, Wo striking changes were - - L
noted in either the spectral shape or in the location of the peak fre-
quency.  The peak frequency, of course, did shift with nozzle diameter
according to the Strouhal relation as previously discussed in Refer-
ences 3 and 24. The largest effect occurred with change in trailing flap
angle where it was noted that the peak in.the flap noise spectrum shifted
towards lower frequency as the trailing flap angle was decreased. The
configurations with a 20° trailing flap angle tended to peak at a Strouhal
number which was roughly one-half that of the 60° trailing flap configura-
tions.

In order to make detailed comparisons of spectral shapes measured
for different configurations, it was necessary to correct the SPL spectra
for ground effects. This was done for a limited number of spectra for
the baseline models. The resulting approximate free field SPL data were
then converted to normalized SPL spectral density (SPL - OASPL + 10 log
(Vg/Dp) - 10 log Af) and plotted against the Strouhal number (£DT/VE) as
shown in Figures 8 and 9 for the 70° microphone angle. Each curve shown
in Figures 8 and 9 was obtained by fairing through a set of points calcu-
lated from data for five different effective exhaust velocities in the
range of 450 to 1000 ft/sec. The 70° angle was chosen because it yields "
the flyover maximum flap noise, as pointed out in the previous section.'

The effect of the number of flaps on the spectral shapes for the
baseline models having a 60° trailing flap angle (Figs. 1, 2(b), and 3(b))
is shown in Figure 8. The 13-inch conical nozzle configurations (#6 and
#9 of Table 1) are compared in Figure 8(a). The spectral shapes of Fig-
ure 8(a) are generally similar, with the 2-flap spectrum being somewhat
broader and less peaked than the 3-flap data. The coaxial nozzle con-
figurations (#1 and #4) compared in 8(b) show similar trends,

"The effect of nozzle type on the spectra for given flap configura=
tions is shown in Figure 9. The two-flap data are compared in Figure 9(a)
and the three-flap data are compared in Figure 3(b). Figure 9 shows that
the type of nozzle employed (conical or coaxial) did not change the spec-
tral shape. Although the curves are displaced, the shape of the spectra
for both the two-flap and three-flap models were very similar for the two
types of nozzles. The displacement of the spectra for the conical and
coaxial configurations shows that Vp and Dy are not the best scaling
parameters to use when comparing spectra from EBF configurations having
different types of nozzles. Improvement can be made by correlating the
data in terms of exhaust-jet impingement parameters.

When the 3-flap data used in Figure 9(b) are compared using the im-
pingement parameters Vj , and d; to calculate the normalized SPL spec-
tral density and Strouhal number instead of the nozzle parameters Vg
and Dr, the correlation of the data is considerably improved -as shown in
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Figure 10. Data are shown for two values of impingement velocities for
the coaxial nozzle configuration (Fig. 3(b)) and for the 1l3-in. conver-
gent nozzle configuration (Fig. 2(b)). The scatter in the low frequency
peak region is caused primarily by lack of precision in applying ground
corrections to the data. The ground effect causes strong cancellations
and reinforcements in this part of the spectra and the present state of
the art does not lend itself to accurate calculation of ground effect
corrections. However, the general overall improvement along with the
good correlation at mid-frequencies (fdi/Vi,p = 0.8 toe 4.0) indicates
that the use of V; and d; as scaling parameters considerably im-
proves the correlation of the spectral data,

LEffect on Ovérall Sound Pressure Level

Correlation with Nozzle Exit Parameters. Normalized overall sound
pressure level (OASPL - 10 log Ap) for the 70° microphone is plotted in
Figure 11 as a function of the effective nozzle exhaust velocity for four
two-flap EBF configurations with a 60° trailing flap angle but having
different kinds of exhaust nozzles (configs. #1, #6, #11, and #12 of
Table 1). 1t is elear from Figure 11 that while the OASPL for the flap
noise is dependent on nozzle exit area and on effective exhaust velocity,
it is not dependent on nozzle type. The data for the conical, plug,. -
and coaxial nozzle EBF configurations are correlated quite well by the
use of nozzle area and exhaust velocity parameters alone. It should be
noted that the slope of the curve drawn through the data indicates a
velocity power exponent of about 6.7 rather than the theoretical value of
six given by Equation (9}.

The normalized overall sound pressure levels measured at the micro-
phone angle corresponding to the radial peak value for each of the four
2-flap configurations of Figure 11 plus the swept-wing 2-flap configura-
tion (Fig. 5) are plotted in Figure 12 against effective nozzle exhaust
velocity. The QASPL data are plotted for the microphone angle correspond-
ing to the radial peak in Figure 12 because the dipole noise component of
the flap noise should be strongest at the radial peak. The data are again
well correlated in terms of Ap and Vg. However, even at this micro-
phone angle the OASPL does not vary with the sixth power of the effective

nozzle exhaust velocity. The exponent is again about 6.7 as noted for
the data of Figure 11.

The effective exhaust velocity was defined for the 16° swept wing
configuration as Vg = Vy cos 16°. 1In general at a given Vy the swept
wing configuration (Fig. 5) was 1 to 2 dB quieter than the corresponding
unswept configuration. Figure 12 shows that using the component of ve-
loeity perpendicular to the line defined by the flap leading edge corre~

lates the data reasonably well with that for the unswept EBF configura-
tions.

The normalized OASPL data for the baseline (Y = 19,25 in.) and the
low-nozzle-position (Y = 29.25 in.) three-flap configurations are com-
pared in Figure 13 at the microphone angles corresponding to a flyover
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maximum in each case. Data are shown for configurations having trailing
flap angle settings of 20° (takeoff) and 60° (landing) and are plotted
against effective exhaust velocity. The data for the 13-inch conical
nozzle three-flap configurations (#7, #8, #9, and #10) are compared in
Figure 13(a). The coaxial nozzle 3-flap configurations (#2, #3, #4,

and #5) are. compared in Figure 13(b) .

Figure 13(a) shows that for the baseline conflguratlon there is
about a 1.5 dB increase in OASPL when the flaps are lowered from the 20°
to the 60° trailing flap position. However, with the low-nozzle-position
there is a much larger difference in noise level for the two flap posi-
tions. The 20° flap position is much quieter (about 8 dB) for this con-
figuration because the nozzle centerline axis passes just below the
trailing edge of the last flap resulting in over half of the exhaust jet
missing the flap system. In addition, the impingement distance fotr this
case has increased by 14 inches over the baseline case {(Table 1}. With
60° trailing flaps, the data in Figure 13(a) show that lowering the noz-
zle 10 inches caused only a small decrease in moise level (about 2 dB).
For the 60° case the impingement distance did not change and the exhaust
capture area changed a relatively small amount.

The coaxial nozzle configuration data of Figure 13(b) show the same
general trends as 13(a), but the upper three curves are somewhat closer
together. This relative insensitivity to geometry changes suggests that
there is slightly more wing scrubbing noise with the coaxial nozzle con-
figurations. The large decrease in noise (about 8 dB for the 20° flap
angle setting with the nozzle in the low position (Y = 29.25 in.) occurs
! for the same reasons as discussed for the corresponding 13-inch conical
nozzle data of Figure 13(a).

Correlation with Impingement Parameters. Normalized overall sound
pressure level (OASPL - 10 log Aj(50/R)Z) for 2-flap configurations (#6,
#11, and #12) with single-element nozzles (conical and plug) and 60°
trailing flap position are plotted at the angle corresponding to the
radial peak value as a function of the peak impingement velocity, Vi R
" in Figure 14. Also shown are data from Reference 4 for a small scale
model (2-in. diameter nozzle) of configuration 1 of Table 1. It should
be noted that the OASPL in Figure 14 is normalized using the impingement
area, A; (normalized to 1. £ft2), as the area parameter instead of the
nozzle exhaust ex1t area as in Figures 11, 12, and 13. The microphone
radius term (SO/R) was included because the small scale data were meas- -
ured at 10 ft instead of 50 ft. Figure 14 shows that the parameters Ay
and Vi,p correlate the single—element nozzle data very well. Further
the data can now be fitted by a 6th power of velocity curve instead of
the 6.7 power required to fit the data using nozzle exhaust parameters.
Thus, the use of impingement parameters in the correlation gives very
good agreement w1th the simple dipole source model (Eq. (2)).

" QASPL data are compared in Figure 15 for the two coaxizl -and two
conical nozzle EBF configurations having (for each nozzle type) similar
impingement velocity profiles at the two lower flaps. It is immediately
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apparent that the data for the coaxial nozzle configuratioms are displaced
from the conical nozzle data., The coaxial nozzle data are about 3.5 dB
quieter. This difference is significant and probably resuits from basic
differences in the nozzle exhaust shear layer turbulence intensity radial
profiles at the flap station for single element and coaxial nozzles.

Thus, in order to correlate the coaxial and conical nozzle data the ratio
of the respective turbulence intensity and impingement velocity product
integrals of Equation (1) is needed.

The coaxial nozzle exhaust jet characteristics are basically treated
herein in terms of the core jet flow (e.g., Eq. (4)). The surrounding
annular flow from the fan nozzle is assumed primarily to modify the ve-
locity decay, spreading, and turbulence characteristics of the central
core jet. Thus, for coaxial nozzles having fan-to-core velocity ratios
significantly less than 1.0 (say, about 0.85) the turbulent intensity
will be assumed to be a function of the relative velocity between the
core and the fan (annulus) exhausts. If it is assumed that the flap
noise reduction observed in free—jet relative velocity tests of EBF
models(8) is primarily due to a reduction in turbulence intensity, then
an empirical expression for approximating this function can be obtained.

Based on examination of data from recent free-jet relative velocity
effect tests at the Lewis Research Center and on limited (VF/VC =0.8
case only) nozzle exhaust plume turbulence data at the flap station, the
following empirical relation was obtained for the relative overall sound
pressure levels between conical and coaxial nozzle EBF configurations:

v, -V
C
—610g—-—‘-7——--]-?- (10)
c

OASPL = QASPL

(conv.)

{coaxial)

By adopting the convention that Vp = 0 for a conical nozzle, the param-
eter on the right can be used as a general normalization term to account
for turbulence intensity (or turbulent mixing) differences for the two
classes of nozzles.

Coaxial nozzles with Vy/Vs > 0.85 require special treatment be-
cause as the ratio Vp/V, approaches unity, the coaxial nozzle exhaust
profile spreading characteristics, decay rate, and turbulence intensity
at the flap station, X, become increasingly similar to those for a conical
nozzle. This results from the fact that with Vp/Ve = 1.0, the fan and

core exhaust streams combine rapidly with axial distance to form a single
circular exhaust jet.

Data for the coaxial and conical nozzle ERF configurations of Fig-
ure 15 are compared in Figure 16 using the empirical parameter,
6 log(l ~ Vp/V;o) as well as Ay to normalize the OASPL. Inclusion of
this term as a parameter results in a good 6th power correlation of the
data for the two types of nozzles based on Vi p. Coaxial nozzle 3-flap
configuration data for tests where the ratio @F/VC = 1,0 are also in-
cluded in the figure using separate symbols for the data points.



15

With the nozzle effects correlated it is possible to isolate the .
effect of the number of flaps in an EBF configuration on the noise level.
Radial peak values of the normalized OASPL for baseline 2- and 3-flap
configurations having conical and coaxial nozzles are shown in Figure 17.
The parameter 6 log(l - Vp/Vy) is used along with A3 and Vi, to
correlate the data. The correlations show that with ‘the trailing flap at
an angle of 60°, the difference between the 2~ and 3-flap data is only
about 1 to 1.5 dB. Thus with the baseline configurations of this report
the addition of the third flap had only a small effect on the OASPL.

Comparison with Engine EBF Data

In this section the flap noise data from the cold~flow model tests
reported herein will be compared with similar data obtained from tests N
employing a turbofan engine to blow the flaps. By doing this it is pos-
sible to assess the importance of real engine effects such as exhaust
plume temperature on the flap noise sound field. Previously it was .
shown(23) that the 2~flap cold-flow model of Reference 3 gave generally
similar results to those measured in EBF tests using a three-flap wing
section blown by the exhaust from a high bypass ratio, highly noise sup-
pressed turbofan engine.(8:25,26) The baseline coaxial 3-flap configura-
tion of this report (Fig. 3) is geometrically very similar to the base- ...
line turbofan engine EBF test configuration of Reference 26 (shown in
Fig. 18) and is roughly one-half scale.

Normalized SPL spectral density (SPL - OASPL + 10 log Vg/Dp - 10 log
Af) curves for the microphone yielding the flyover maximum in each test
are compared..in Figure 19. The engine data are for the 55° trailing flap
angle position (Fig. 18), and the baseline 3-flap coaxial data are for
the 60° position (Fig. 3(b)). The engine data are for the 80° microphone
and the cold flow model data are for the 70° microphone. Both sets of
one~third octave SPL data were corrected for ground effects. Figure 19
shows that the spectral shapes are very similar.

The normalized OASPL is plotted against Vg in Figure 20(a) for the
microphone angles corresponding to the flyover maximum for the engine and
cold~flow model tests. Data for landing flap angle settings are given.
With the exception of the data point for the lowest velocity (low fan
gspeed) engine test the data are correlated by about the 6.7 power of ef-
fective nozzle exhaust velocity,

Thus Figures 19 and 20(a) show that Vg and Dy (or Ap) correlate
the data for the two coaxial-nozzle EBF tests quite well, as pointed out
in Reference 23, even though the ratio Vy/Vp varied in a different man-
ner with change in core wvelocity for the two systems. For the engine
tests, the fan to core velocity ratio, Vy/V,, varies from 0.78. at 100 .per-
cent fan speed to 1.02 at low fan speed. TFor the model data shown,

VF/VC varied from 0.865 at high velocity to 0.769 at low velocity.

Since both the peak impingement velocify of a coaxial nozzle (see
Eq. (4)) and the impingement area depend on the ratio Vg/Vy, it is
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reasonable to expect that the exhaust impingement parameters 1 and
A; would be a somewhat better choice for correlating the data. Englne
exhaust-plume velocity profiles were measured in the tests

reported o in Reference 26. This data was employed to determlne
vy P and A; for the engine flap noise data shown in Figure 20(b). 1In
Figure 20¢b) the normalized QASPL is plotted against Vy ,. Figure 20(b)

shows that the cold-flow model and real engine EBF tests produced very
similar OASPL levels for the flap noise and are correlated by the 6th
power of the peak impingement velocity.

The flap noise radiation pattermns for the engine and the cold-flow
model tests are compared in Figure 21 at constant peak impingement ve-
locity. Comparisons are made at Vy values of 751 and 527 ft/sec. As
in Figure 20(b), the OASPL is normallzed by using the impingement area,
Aj, as a parameter. The flap noise data are compared in the forward
quadrant below the wing (6 = 0° to 90°) where the low frequency dipole
noise makes the major contribution to the OASFL.

The good agreement between the model and the engine data of Fig-
ure 21 indicates that exhaust plume temperature has little effect on the
flap noise directivity pattern. This effect is not surprising because
the most intense dipole noise 1is radiated from the flaps nearly at right
angles to the local exhaust flow diréction and thus convection and re-
fraction effects would be expected to be small in the peak flap noise
region.

The data of Figures 19, 20, and 21 indicate that for the configura-
tions tested exhaust plume temperature and other real engine effects did
not appear to be important facrors in determining flap noise level, di-
rectivity, and spectral shape. Thus cold-flow, scale-model tests of EBF
systems may be used to predict the flap noise contribution to the over-
all noise of a full scale EBF system employing a turbofan engine.

Summary of Results

The flap noise data of this investigation were correlated in terms

of two different sets of nozzle exhaust-jet parameters with the following
results:

(1) The OASPL data for flaps blown by conical and plug nozzles could

be correlated by using nozzle exhaust velocity and nozzle exit area as
parameters,

(2) For coaxial exhaust nozzles, the data were correlated by using
the total (core + fan) nozzle exit area, Ar, and a bth power weighted
nozzle exhaust velocity, Vg, obtained from

VEAF + VgAc 176

=T\ A
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(3) The flap noise level was proportional to about the 6.7th power
of the effective exhaust velocity for all nozzle types.

(4) Better correlation of OASPL data could be obtained by using
the peak impingement velocity and the impingement area (jet cross section)
at the flap station. To correlate coaxial with conical nozzle configura-
tions an additional parameter was required to account for differences in
turbulence intensity.

(5) The flap noise level was found to be proportional to the 6th
power of the flap impingement velocity in all cases. ‘

The sen51t1v1ty to configuration (or geometry) varlatlons can be
summarized as follows:

(1) For the nozzles tested (conical, plug, and coaxial), the effect
of nozzle type on the flap noise level, spectra, and directionality was
found to be negligible.

(2) Variations in flap geometry {other than trailing flap angle)
such as 2-flap versus 3-flap systems generally had only a small effect
"on EBF spectral shape, noise level {about 1.5 dB), and noise radiation
pattern,

(3) Other things being equal, the spectrum for the 2-flap system
was somewhat broader and 1ess peaked than the spectrum for the 3- flap
system.

(4) The effect of a 16° sweep-back of the wing on OASPL was found
to be small (~2 dB).

i With the trailing flap at the 60° position, lowerlng the nozzle.
from 19 to 291-1nches below the wing decreased the OASPL by ll-to 2 d4B.

The comparison of the cold-flow model EBF data of this investigation
with limited flap noise data from geometrically similar EBF tests using
a highly noise-suppressed turbofan engine indicated the following:

{1) The normalized SPL spectral density versus the Strouhal number
curve and the OASPL radiation pattern in the forward quadrant obtained
with the cold-flow 3-flap model are nearly the same as obtained with
flaps blown by the turbofan engine.

(2) These results suggest that exhaust plume temperature does not
appear to be an important factor in determining flap noise overall sound
pressure level, directivity, or spectral shape in the forward quadrant
below the wing. It appears, therefore, that cold-flow scale-model test
data can be used to predict the flap noise for a full scale EBF system
using a turbofan engine.
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Table 1 EBF test configurations(l)
Configuration Model Flap angles X b4 X X
number ‘ (deg) (in.) (in.) DC Dy

Coaxial nozzle: (AT = 1.54 ftz, Dr = 1.40 £ft, D = 0.68 ft)

1* 2-flap 30-60 . 72 19.25 8.8
2% 3-flap 13-15-20 72 19.25 8.8
3 13-15-20 86 29.25 10.5
4% 3-50-60 72 19.25 8.8
5 3-50-60 72 29.25 8.8

13-in. diameter conical nozzle: (Ar = 0.922 ft2,
Dp = 1.08 ft)

6% 2-flap 30-60 94  19.25 7.2
7 3-flap 13-15-20 94 19.25 7.2
8* 13-15-20 108 29,25 8.3
9 3-50-60 94 19.25 7.2
10 3-50-60 94 29,25 7.2
8-in. diameter conical nozzle: (AT = (.36 ftz,
Dy = 0.68 ft)
11 2-flap 30-60 72 19.25 3.8
23.25-in. diameter plug nozzle: (Ap = 1.18 ft2,
Dy = 1.23 ft) :
i2 2-flap 30-60 94 19.25 6.4
13-in. diameter conical nozzle with 16° wing sweep
13 2-flap 30-60 72 19.25 7.2
Coaxial nozzle with screen removed (Vp/Vp = 1.0)
14 3~flap 3-50-60 72 29.25 4.3

(l)Notation defined in Symbols section.

Baseline configurations (Figs. 1 to 3).
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Figure 3. - Baseline 3-flap EBF configuration with coaxial nozzle.



(@) WITH 13-INCH-DIAMETER CONICAL NOZZLE.

Figure 4. - Three-flap externally blown flap model.
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Figure 5. - Two-flap EBF model with 16 degree wing sweep-back.
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Figure 20. - Comparison of normalized OASPL for baseline
turbofan engine and cold-flow 3-flap EBF configurations
with approach flap position.
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Figure 21. - Comparison of dipole flap-noise radiation patterns for turbofan
engine and cold flow model externally blown flap systems at constant peak
impingement velocity.
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